To begin to define the genetic network involved in cardiogenesis, we generated mice bearing the a-myosin heavy chain (MHC)-Hoxb-7 transgene. We hypothesized that using the cardiac-specific a-MHC promoter, we can direct ectopic expression of Hoxb-7 in the heart and perturb its normal development. Both whole mount in situ hybridization and northern analyses showed that this a-MHC promoter resulted in transgene expression in the developing heart. Severe ventricular septal defects (VSD) were found in several mutant mice. Interestingly, transgenic mice were observed to have other malformations as well, including cleft palate, renal anomalies, and skeletal abnormalities in the craniocervical and costostemal regions. The kidney defect consisted of double ureter and pelvis. In summary, we have shown that a dominant gain-of-function mutation of Hoxb-7 using the murine a-MHC promoter results in perturbation of the genetic circuitry underlying multiple developmental processes, including cardiogenesis. Misexpression of Hoxb-7 during heart development may be involved in the pathogenesis of VSD.
Introduction
Congenital malformations of the heart occur in about 8 to 10 of every 1000 live-born children and represent about 10% of all congenital malformations (Hoffman, 1991; Freed, 1991) . The incidence of congenital heart disease (CHD) is even higher among stillbirths and spontaneous abortuses (Hoffman, 1991) . These incidence data are an underestimate of the true incidence because signs and symptoms of heart disease may not be evident at birth. For counseling purposes, the risk of a given mother having a baby with CHD may be given as 1 in 100. This doubles once the mother has had a previous baby with CHD. If the mother herself has a heart defect, the risk of her baby having a CHD is as high as 14% (Hohn and Stanton, 1992) .
Congenital defects of the interventricular septum are the most common of all congenital heart lesions in newborns and older children alike, accounting for approximately 30 to 50% of all patients with congenital cardiac * Corresponding author, Tel.: +I 513 5594850; Fax: +l 513 5594317. anomalies; this percentage is equivalent to 3 to 5 of every 1000 live births (Heymann, 1991) . Although ventricular septal defects (VSD) oftentimes occur as isolated anomalies, they may also be associated with other congenital cardiac abnormalities. There is as yet no clear understanding of the cause of most CHD. In about 18% of children with heart disease, there is an apparent genetic basis (Ferencz et al., 1987) . VSD is the most common lesion in most chromosomal syndromes including the trisomy 13, trisomy 18, and trisomy 21 groups. Most of the patients with VSD however (>95%), have no associated chromosomal abnormality (Graham and Gutgesell, 1995) . About 6% of all cases of CHD can also be accounted for by single mutant gene syndromes (Freed, 1991) . At present, a multifactorial etiology is assumed in which genetic predisposition and embryonic environmental influences play a role in VSD formation. It is hoped that with thorough understanding of the molecular and genetic mechanisms involved in heart development, the diagnosis, treatment, and prevention of CHD may be improved.
One group of transcription factor genes, homeobox genes, has been implicated to be important in heart development. Homeobox genes contain a 180 bp highly con a-MHC -217 AA Fig. 1 . Schematic diagram of a-MHC-Ho&7 construct. The MHC fragment that was included in the DNA construct consisted of the 3' terminal /3-MHC exon with its polyadenylation signal, the intergenic 4 kb DNA between the B-MHC and a-MHC genes, and the entire first two exons and part of the third exon of the a-MHC gene. The Hoxb-7 DNA consisted of its two exons (excluding the start site of transcription), one intron, and approximately 3 kb of DNA sequence downstream of the second exon. A linearized DNA construct was isolated after digestion of a unique Kpn I site immediately 5' of the /I-MHC exon and an intronic Hind III site 3' of the Hoxb-7 exon 2. Below the construct is a diagram depicting the putative transgenic transcription product showing the start site of translation, stop signal (hatched circle above Hoxb-7 exon Z), and a poly-A tail. The putative translation product at the bottom of the figure shows the homeodomain in hatched rectangle.
served DNA sequence which encodes a 60-amino acid homeodomain important for DNA binding. They play a crucial role in specifying pattern formation during embryogenesis in Drosophila and mammals (Akam et al., 1988; Dressler and Gruss, 1988; Akam, 1989; Scott et al., 1989; Schindler, 1990) . Studies in Drosophila have shown that homeodomain proteins regulate the transcription of downstream target genes and appear to be master switches of development (Akam et al., 1988; Scott et al., 1989; Hayashi and Scott, 1990) . Mammalian homeobox genes are either randomly dispersed throughout the genome or found in one of four clusters. Numerous gainof-function and loss-of-function studies of the clustered homeobox genes have shown that these transcription factors have a critical function in the development of the anteroposterior axis and in normal morphogenesis of structures such as the skull, limbs, brain, kidney, and heart (for review, see McGinnis and Krumlauf, 1992) . There are clustered and dispersed murine homeobox genes whose transcripts are significantly expressed in the heart and its great arteries during development (Gaunt, 1988; Galliot et al., 1989; Allen et al., 1991; Opstelten et al., 1991; Candia et al., 1992; Cserjesi et al., 1992; Kern et al., 1992; Pate1 et al., 1992; Goto et al., 1993; Komuro and Izumo, 1993; Lints et al., 1993; Oliver et al., 1993) . Targeted mutation of some of these genes (i.e., Hoxa-3 and Nkx-2.5) have proven their importance in cardiogenesis (Chisaka and Capecchi, 1991; R.P. Harvey, personal communication) .
Hoxb-7 (formerly known as Hex 2.3) is an example of a clustered homeobox gene whose overexpression in transgenic mice resulted in perturbation of normal heart development (McLain et al., 1992) . Hoxb-7 transcripts are normally not detected in the heart (Kress et al., 1990; Vogels et al., 1990) . However, transgenie mice with a dominant mutation in Hoxb-7 generated by driving ectopic expression with the use of the ubiquitous /3-actin promoter have been found to have VSD. This was seen in three out of ten transgenic Fl pups (McLain et al., 1992) . This ability of weak ectopic expression of Hoxb-7, driven by the chicken /I-actin promoter, to cause occasional VSD, suggested a pathway to better understand the genetic mechanisms underlying septum formation and closure. The long term goal is to define the genetic circuitry involved in normal development of the interventricular septum and determine the genetic and epigenetic perturbations of this program that may result in VSD. We hypothesized that if a weak promoter connected to Hoxb-7 could result in occasional VSD, then a stronger and more heart-specific promoter driving Hoxb-7 ectopic expression would cause more severe and frequent CHD.
The promoter we used for overexpressing Hoxb-7 in transgenic mice was the a-myosin heavy chain (MHC) promoter. In murine heart muscle, two distinct MHC genes have been described. These two genes, cx-and p-MHC, are organized in tandem fashion @?+a, in 5'+3' orientation) with an intervening =4 kb of DNA (Mahdavi et al., 1982; Sinha et al., 1982; Mahdavi et al., 1984; Yamauchi-Takihara et al., 1989; Gulick et al., 1991) . This intergenic region is known to contain cis-acting thyroid response elements and consensus cis-regulatory motifs which may play a role in muscle-specific gene regulation Markham et al., 1987; Mahdavi et al., 1989; Flink and Morkin, 1990; Tsika et al., 1990) . In this report, we describe the production of transgenic mice with ectopic-and overexpression of Hoxb-7 using the heart-specific a-MHC promoter which generated mutant mice with pronounced VSD. Interestingly, in addition to cardiac abnormalities, we also observed cleft palate and malformations in the kidney and skeletal structures.
Results

Generation of transgenic mice
In order to direct ectopic expression of Ho_&-7 in the heart, a 6.8 kb EcoR V genomic fragment containing both exons of Hoxb-7 was subcloned downstream of the cardiac-specific a-MHC promoter (Fig. 1) . The 5' EcoR V end of Hoxb-7 was approximately 150 bp upstream of the start site of translation. The start site of transcription as well as the basal promoter elements of Hoxb-7 were excluded from this construct. The 5.5 kb a-MHC promoter consisted of one P-MHC exon with a polyadenylation signal and three a-MHC exons, the first two of which were noncoding. The insertion site of the Hoxb-7 gene in the construct was immediately 5' to the ATG site of the a-MHC gene. A 10 kb linear chimeric DNA (5.5 kb a-MHC promoter and 4.6 kb Hoxb-7 gene cassette) was pronuclear microinjected to generate transgenic mice.
Nine transgenic Fo mice were generated. Two of them died within the first 24 h of life and were found to have a cleft palate. All surviving male Fo were mosaic, survived to maturity and appeared normal. Three male founder lines (18, 22, and 25) gave rise to transgenic offsprings which were extensively analyzed. The average rate of transgenic pup production was 36% (28179, 461123, and 30/90 for lines 18, 22, and 25, respectively). One male Fo never sired a transgenic offspring. The female founders showed transmission rates of 16% (4/25) for line 23 and 60% (6/10) for line 46; one female Fo failed to produce any transgenic progeny.
Expression analysis of a-MHC-Hoxb-7 transgene
Fl fetuses were obtained from each of the three male transgenic lines at embryonic day 10.5 (E10.5) by Cesarean section. Whole mount in situ hybridization analysis demonstrated ectopic expression of the Hoxb-7 transcript in the heart (both atrium and ventricle) of transgenic embryos obtained from lines 18 and 25 (Fig. 2) . No hybridization signal was detected in the heart of wild-type control littermates from all three lines nor among transgenic fetuses from line 22. Northern analysis was performed on total RNA obtained from multiple tissues of nontransgenie and transgenic newborn (day 0) pups. Hoxb-7 transcripts were detected only in the kidneys of nontransgenic pups (data not shown). Among the transgenic tissues analyzed, however, Hoxb-7 expression was found not only in the kidney, but in the heart and brain as well (Fig.   3 ).
Phenotypic analysis of a-MHC-Hoxb-7 Fo transgenic fetuses and pups
Additional Fo transgenic mice were generated by re- peated rounds of pronuclear microinjection to provide a more complete picture of the developmental defects that could result from ectopic expression of Hoxb-7. Seven El55 transgenic fetuses were analyzed. Three showed cleft palate. One of these 3, in addition, was found by Wilson section to have a VSD (Table 1) . Normally, a complete septum develops to separate the ventricular compartment into a right and left chamber. In this transgenie fetus, the septum failed to form fully resulting in communication between the blood contained in the two chambers (Fig. 4) . Hematoxylin and eosin (H&E) stain of the kidneys of this same fetus showed that the right kidney had two ureters and pelvises (Fig. 5) . The left kidney was normal with a single ureter and pelvis into which collecting tubules drained.
Twenty-six transgenic fetuses were examined at E17.5 Table 1 Phenotypic defects observed in Fo fetuses and pups or 18.5. Eight out of 26 (3 1%) had a cleft palate. Two of these 8 also had a VSD. One transgenic fetus, with a normal palate and heart, had a left double kidney, with duplication of pelvis and ureter. Sixty-four percent of all the transgenic fetuses analyzed at E15.5 through 18.5 appeared phenotypically normal.
Phenotypic analysis of a-MHC-Hoxb-7 Fl transgenic pups
Fl transgenic pups were generated from the three male founder and two female founder lines. In analyzing 14 newborn transgenic offsprings sired by mouse 22, one was demonstrated to have an abnormalitya VSD similar in appearance to that observed in the Fo fetus. Among 13 transgenic newborn pups from line 25, two were found to have a VSD. On Wilson sectioning, one of them was also observed to have a double ureter draining the left kidney. H&E stain revealed a misshapen kidney with a single pelvis that was superiorly displaced (Fig. 5 ). This malpositioned pelvis drained into two ureters which did not seem to unite. The glomeruli and tubules appeared normal. No malformations were noted in the contralateral kidney. No phenotypic defects were identified in the remaining 10 transgenic pups analyzed from line 25. Among 6 transgenic newborn pups analyzed from each of the 2 female founders (lines 23 and 46), 2 from each line were found to have a VSD. No other abnormalities were seen. The overall percentages obtained for the various phenotypic defects relative to all transgenie pups studied from each of the 5 founder lines were: 15% for cleft palate, 13% for heart defect, and 2% for kidney defect. Seventy-one percent of the transgenic pups had no abnormalities detected by Wilson section or H&E staining.
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The skeletons of 19 newborn Fl transgenic pups, representing all 3 male founder lines, were sequentially stained with alcian blue (cartilage) and alizarin red (bone) to analyze skeletal defects arising from overexpression of Huxb-7. These 19 pups included five from line 18, 8 from line 22, and 6 from line 25. Thirteen out of 19 (68%) were identified to have a skeletal malformation. These defects are summarized in Table 3 . The most common skeletal abnormality involved the supraoccipital bone. This bone, together with the exoccipital bone, is located anterior to the atlas (first cervical vertebra) and surrounds the opening through which the spinal cord passes (foramen magnum). The exoccipital is lateral to the dorsal-lying supraoccipital bone. Deficient formation of the supraoccipital bone was detected in 9 transgenic pups. This resulted in a misshapen bone with or without cartilage formation bridging the 2 halves of the bone at the midline. The degree of deficiency ranged from mild to severe (Fig. 6 ). In the more severe form, the supraoccipital bone has also lost its smooth edges resulting in a rough and jagged appearance. Immediately anterior to the supraoccipital lies the interparietal bone which was misshapen in 3 transgenic newborns. This was elongated and flattened (cigar-shaped) in one and more compressed and smaller in the other 2 pups (Fig. 6) . The exoccipital bone articulates ventrally with the basioccipital bone. Normally, this articulation site is cartilaginous. Four Fl transgenic pups (representing lines 22 and 25) demonstrated poor development of the exoccipital bones ranging from mild to moderate. Figure 7 shows moderately misshapen exoccipital and basioccipital bones at the site of their articulation. The intervening cartilage is also partially deficient with resultant fusion of these two bones. A malformation in the axis (second cervical vertebra) was detected in one transgenic newborn from line 18. In this mutant, the right half of the axis was incompletely developed with lack of formation of the more anterior part close to the midline (Fig. 8) . This resulted in abnormal articulation between bone and cartilage on that side.
Defects in development of the ribs and sternum were observed in one mouse from each of 2 lines, 18 and 22. Mutant 4 from line 18 was found to have severely deficient formation of the fourth and fifth sternebrae, both of which were dumbbell-shaped, and mildly misshapen second and third sternebrae. The 2 latter bones were notched on the lateral edges (Fig. 9) . The developmental abnormalities of the fourth and fifth sternebrae resulted in a slight misalignment of the fifth and sixth pairs of ribs. Mutant 19 from line 22 was found to have an abnormal rib articulation with the sternum. Normally, the sixth and seventh pairs of ribs articulate with the sternum below the fifth sternebra, whereas the eighth set are floating ribs. In the mutant pup, the eighth ribs abnormally articulated with the sternum immediately below the seventh ribs and slightly displaced the sixth and seventh pairs of ribs superiorly.
Discussion
Multiple homeobox genes are known to be involved in cardiogenesis (for review, see Kern et al., 1995) . Some appear to function at higher levels in the genetic circuitry of heart development, while others seem to play a role in . Abnormal development (duplication) of these collecting structures was observed in some transgenic fetuses and newborns as seen in B and C. Panel B shows an abnormally-shaped kidney with superior displacement of the pelvis which drains into a bifid ureter. In contrast, panel C shows a kidney with bifid pelvis, each draining into its own ureter (ureteral duplication).
fine tuning during end-stages of development thereby allowing the heart to achieve its final form and function.
The Hoxb-7 gene, however, does not appear to play a role in normal heart development, as in situ expression studies ) and northern analyses described in this report failed to detect Huxb-7 transcripts in developing and newborn hearts. Ectopic expression of Hoxb-7 in the transgenic developing heart was accomplished using the a-MHC promoter, resulting in pronounced defects in ventricular septum formation. Although our whole mount in situ hybridization data revealed strong Hoxb-7 expression in both the atrium and ventricle of El05 transgenic hearts, thorough examination of mice from El55 through newborn showed abnormality only in the complete development of an interventricular septum. This arrest in normal ventricular septation is presumed to have occurred right after E13. At E13, a small channel persists between the two ventricular chambers as the muscular part of the interventricular septum forms, extending from the interventricular groove caudally towards the atrio-ventricular cushion tissue rostrally. This communication subsequently closes (Kaufman, 1992) . In the a-MHC-Hoxb-7 mutant mice with cardiac defects this final event does not seem to occur, suggesting that the normal expression of some other gene(s) involved in regulating ventricular septation at this stage has been perturbed by the ectopic expression of Hoxb-7 in the heart. In addition to heart defects, the a-MHC-Hoxb-7 transgenie mice display a number of other malformations. This likely results from Hoxb-7 overexpression and ectopic expression directed by cis-regulatory elements from the Hoxb-7 intron and other gene components fortuitously included in the transgene construct. The normal pattern of Hoxb-7 expression during kidney development has been extensively studied (Kress et al., 1990; Vogels et al., 1990) . Transcription in mesonephric tissue is initially detected at E9.5. At E10.5, hybridization signal increases in the mesonephric ducts and tubules. By El25 through 14.5, Hoxb-7 is expressed highly in the ureters and collecting tubules. Interestingly, the ureteric bud, which arises as a diverticulum of the mesonephric ducts, undergoes successive branching at around E 12-12.5 (Kaufman, 1992) . The lumen of the ureteric bud that is surrounded by metanephric tissue expands to form the primitive renal pelvis. The high level of Hoxb-7 expression in the ureter at this embryonic stage, together with the known normal morphological changes that occur at this time, both strongly suggest an important regulatory role of Hoxb-7 in establishing normal ureteral architecture. The duplications of normal kidney structure observed in multiple CL-MHC-Hoxb-7 mutants further imply a high level position for the Hoxb-7 gene in the genetic hierarchy of kidney development.
In addition to heart and kidney defects, a number of skeletal malformations were detected in a-MHC-Ho&-7 mutants. Multiple bones in the craniocervical transition region, including the supraoccipital, basioccipital, exoccipital, and interparietal, were abnormal. Skeletal analysis continues to prove a very sensitive assay for developmental abnormalities. Several of the bone defects described in this report resemble those previously seen using other promoter-Hox gene combinations (Kessel et al., 1990; McLain et al., 1992) .
The generation of both dominant gain-of-function and recessive loss-of-function mutant alleles can contribute to our understanding of developmental genetic programs. Targeted knockout mutations can directly reveal developmental requirements.
For example the presence of rudimentary kidneys in the Wnt-4 knockout mice indicates that a functional Wnt-4 gene must be present for normal kidney development (Stark et al., 1994) . On occasion, however, dominant mutations can be equally informative. One Drosophila Antennapediu mutation, for example, is a chromosomal rearrangement that produces ectopic expression of this homeobox gene in antenna1 imaginal disc cells, and results in abnormal development of leg structures protruding from the head (for review, see Gehring, 1987) . This remarkable observation indicates that given the right circumstances, the Antennapedia gene can initiate a genetic cascade that results in leg formation. Similarly, in the mouse system, Charit and co-workers (1994) have produced transgenic dominant Hoxb-8 mutants us- Fig. 9 . Ventral view of the ribs and sternum of nontransgenic (A,B) and transgenic newborn pups (C-F). Right-hand panel (B,D,F) are closer views of the corresponding photographs on the left (A,C,E). The fifth, sixth, seventh, and eighth sets of ribs are depicted by the numbers 5.6, 7, and 8, respectively. The top panel (A,B) illustrates the normal articulation of ribs 6 and 7 to the sternum, whereas the 8th rib is a floating rib in a nontransgenic pup. Note also the normal appearance of the stemebrae (stained red). The middle panel (C,D) shows an abnormal articulation of the eighth set of ribs to the sternum (arrowhead) in a transgenic pup. The bottom panel (E,F) depicts misshapen stemebrae, most severe in the one below the tiftb rib (lower arrowhead) with a dumbbell shape.
ing the RAM2 promoter, strongly implicating this gene
